Aim: Long-distance dispersal (LDD) events occur rarely but play a fundamental role in shaping species biogeography. Lying at the heart of island biogeography theory, LDD relies on unusual events to facilitate colonization of new habitats and range expansion. Despite the importance of LDD, it is inherently difficult to quantify due to the rarity of such events. We estimate the probability of LDD of the seagrass Heterozostera nigricaulis, a common Australian species, across the Pacific Ocean to colonize South America.
years suggests that the arrival of propagules in Chile was inevitable and confirms the importance of LDD for species distributions and community ecology.
biogeography, clonal organisms, long distance dispersal, oceanography, seagrass 1 | I NTR OD U CTI ON Dispersal is central to our understanding of species distributions and plays a key role in island biogeography theory by determining rates of immigration. Over vast expanses, immigration is predicted to be low, decreasing as distance increases (Nathan et al., 2008) . Many species distributions, however, are greater than those predicted via dispersal, leading to long-distance dispersal (LDD) being dismissed as improbable in favor of biogeographic vicariance (de Queiroz, 2005) . Recently, molecular tools have identified mismatched evolutionary and geographic time-scales in species distributions leading to the re-emergence of LDD theory (de Queiroz, 2005; Sanmartin & Ronquist, 2004) .
Despite the low probability of successful dispersal over large distances, LDD theory predicts rare events such as cyclones, floods or unusual vectors can facilitate species dispersal beyond their normal range (Gillespie et al., 2012; Nathan, 2006) . Given the large number of species (1 3 10 6 s) and the occurrence of rare dispersal events over evolutionarily important time-scales (100s to 1000s of years) it would be expected that LDD events will occur despite probabilities approaching zero. This is akin to a lottery where the chance of a particular individual winning is extremely low, but the probability that someone wins is high.
The arrival of a species into a new area can have profound impacts on local ecological communities, leading to novel interactions and altered environmental conditions that can have beneficial or detrimental effects to native species (Rodriguez, 2006; Vil a et al., 2011) . For habitat-forming species (so-called ecosystem engineers) such impacts are even more pronounced as they can provide alternative habitats for local species and introduce novel ecosystem services (Castilla, Lagos, & Cerda, 2004) . For instance the arrival of a habitat-forming tunicate (Pyura praeputialis) in Chile from Australia has increased biodiversity within the intertidal zone and shifted the distribution of native habitat-forming mussels and kelps (Castilla et al., 2004 (Castilla et al., , 2014 . In such cases the introduction of a new species via LDD not only provides it with unique opportunities for habitat exploitation, but it also provides local species the opportunity to exploit the new habitat and ecosystem services it provides.
Seagrasses are marine angiosperms that act as coastal ecosystem engineers and provide a variety of ecosystem services such as habitat provision, sediment stabilization, nutrient cycling and carbon storage (Orth et al., 2006) . Seagrass dispersal is often limited by the production of small non-buoyant seeds or asexual growth; however, a number of strategies have evolved to allow dispersal over greater distances (Kendrick et al., 2012 (Kendrick et al., , 2017 . Floating seeds and fruit occur in several species (i.e. Posidonia) that can be dispersed large distances (100s of km) via wind and currents (McMahon et al., 2014) . LDD also occurs in species with negatively buoyant seeds (i.e. Zostera) where seeds are carried on reproductive shoots or spathes that become detached and disperse into new habitats or locations (Harwell & Orth, 2002; Källstr€ om, Nyqvist, Åberg, Bodin, & Andr e, 2008; McMahon et al., 2014) . Alternatively, dispersal can occur asexually as detached vegetative fragments (rhizomes and leaves), or in some cases specialized asexual vegetative propagules (i.e. Heterozostera), drift in or on the water column and settle in new locations where they are able to establish and develop into functioning plants (Kendrick et al., 2017; Thomson et al., 2015) . The development of a variety of dispersal mechanisms has allowed seagrasses to disperse over distances ranging from a few cm to 100s of km to become one of the most conspicuous and important nearshore ecosystems across the globe (Kendrick et al., 2012 (Kendrick et al., , 2017 .
Seagrass is absent along the temperate Pacific coast of South
America with the exception of three small patches (0.036-2.277 km 2 ) in Chile. Recent molecular analysis has confirmed this seagrass as Heterozostera nigricaulis (syn. Zostera nigricaulis, Heterozostera tasmanica), a common species in southern Australia (Coyer et al., 2013) where it forms large meadows that produce large quantities of non-buoyant seeds and specialized vegetative rhizomes used for dispersal that can remain viable in the water column for more than 3 months (Smith et al., 2016; Thomson et al., 2015) . Chilean H. nigricaulis populations were thought to be prehistoric relics (Velez-Juarbe, 2013) but the complete lack of genetic divergence at key chloroplast and nuclear genes suggests these populations are recent arrivals from Australia and not relic populations (Coyer et al., 2013) . Colonization of H. nigricaulis from Australia may have occurred via ocean currents or through shipping. Here we use multiple lines of evidence, including molecular data, Lagrangian drifter trajectories, ocean circulation models and shipping records, to provide the first estimates of the probability of long-distance dispersal and discuss the role of these events in shaping ecosystem structure.
| M A TE RI A LS AN D M ET HOD S
Heterozostera nigricaulis is known to occur at three sites in Chile. Puerto Aldea (30817.55' S, 71836.50 To determine the structure and patterns of genotypic diversity within H. nigricaulis populations, 30-60 samples were haphazardly collected at each of the three sites. Ten samples were collected from each of six 10 m 3 10 m quadrats at Puerto Aldea and 10 samples collected from each of three quadrats at both Bahia Chascos and Isla Damas.
Quadrats were distributed across the entire seagrass meadow at each site in order to maximize our ability to quantify levels of genotypic diversity. An additional 18 drift samples were collected from two sites approximately 40 km offshore from Coquimbo (29847.38' S, 71846.15' W and 3080.59' S, 71834.26' W) to determine where floating samples were originating. All samples consisted of at least 10 cm of leaf obtained from a single stem. Samples were cleaned and any excess water removed before samples were desiccated with silica beads. 
| DNA extraction and genotyping
Genomic DNA was isolated from leaf tissue using DNeasy plant kits (Qiagen) following the manufacturer's instructions. All samples were genotyped using nine polymorphic microsatellite markers previously developed for this species; ZosVic49, ZosVic50, ZosVic55, ZosVic60, ZosVic66, ZosVic68, ZosVic69, ZosVic70b and ZosVic71 (Smith et al., 2013) . Microsatellites were amplified using a polymerase chain reaction (PCR) conducted in 11 mL volumes containing: 10 ng genomic DNA; 5 mL PCR Master Mix (Qiagen) and 4 mL primer multiplex (0.26 mM of each forward primer and fluorescent dye, 0.13 mM of reverse primer). 
| Genetic analysis
Genotypic diversity in Chilean H. nigricaulis was calculated as the number of unique multi-locus genotypes (N G ) relative to the number of samples collected (n) and expressed R5 NG21 ð Þ N21 ð Þ (Dorken & Eckert, 2001) . Bayesian assignment tests were used to identify the potential Australian source populations of the two Chilean clones using GENECLASS 2 (Piry et al., 2004) . We employed the Bayesian criterion of Rannala and Mountain (1997) and exclusion probabilities were calculated following 10,000 simulations of a Monte-Carlo re-sampling algorithm and an alpha of 0.01 (Paetkau, Slade, Burden, & Estoup, 2004) . We computed a likelihood ratio test comparing the population where the individual was sampled over the highest likelihood value among all available populations (L 5 L_home/L_max).
| Sampling seeds and flowers
At Puerto Aldea above-and below-ground samples were collected to determine the extent of sexual reproduction within the Chilean H. nigricaulis population. Samples were collected in November 2011 to coincide with the highest flowering density in Australian samples (Smith et al., 2016) . Within each quadrat assigned for collection of genetic samples three replicate 0.25 m 3 0.25 m above-ground samples and 10-cm-diameter cores were haphazardly collected. Aboveground samples were searched for spathes and below-ground cores sieved through a 1000-and 710-mm sieve and under a dissecting microscope any seeds were counted.
| Oceanic modeling
Oceanic models were used to determine the likelihood that seagrass fragments could drift across the Pacific Ocean from SE Australia to Chile and the length of time it would take. Results from the modeling data combined with existing biological data of H. nigricaulis distribution and vegetative fragment density were used to estimate the number of fragments that could reach Chile over long time periods.
| Monte Carlo super-trajectories
Pathways across the ocean were studied using Monte Carlo supertrajectories (MCSTs, van Sebille, Beal, & Johns, 2011). These MSCTs are statistical recombinations of short pieces of observed free-floating drifting buoy trajectories from the NOAA Global Drifter Program (Lumpkin & Pazos, 2007) . This dataset consists of more than 17,000 free-floating buoys, whose position is recorded every 6 h. MCSTs are particularly suited to study extreme events, as they provide a statistical representation of the probability of going from any location in the ocean to any other over a certain time span. First, the 17,000 drifter trajectories are cast in a transition matrix P(i, j), which stores the probability of going from a 1-degree grid cell i to another grid cell j in 60 days (van Sebille, 2014). Then, MCSTs are formed in this transition matrix by randomly sampling the transitions, starting at 418S, 1498E and iteratively moving from a cell i to a new grid cell j based on the transition probabilities P(i, j) from the matrix. In this way, 10 million MCSTs were formed, and only those that at some point reached a grid cell adjacent to the Chilean coast were kept. This large number of MCSTs was chosen to adequately sample the variability of oceanographic conditions represented in the drifter dataset from which they were derived.
| Backtracking models
Oceanic connectivity between south-east Australia and Chile was estimated using the Global Hybrid Coordinate Ocean Model (HYCOM, Chassignet et al., 2007) and ICHTHYOP (v2) virtual particle tracking software (Lett et al., 2008) . HYCOM is forced using wind stress, wind speed, heat flux, precipitation, and river discharge. HYCOM assimilates satellite altimetry data, sea surface temperature and in situ measurements from a global array of expendable bathythermographs, Argo floats, and moored buoys to produce hindcast model outputs. Thus,
HYCOM accurately resolves mesoscale processes such as meandering currents, fronts, filaments and oceanic eddies (Chassignet et al., 2007) .
The HYCOM output used here was from the newly released Global Reanalysis (http://hycom.org/dataserver/glb-reanalysis), and output is a daily snapshot of current velocity at 00:00 h (GMT) at a spatial resolution of 0.088 (approx. 6-9 km grid spacing)sufficiently high resolution to depict ocean circulation processes at scales relevant for depicting organismal transport at the ocean surface (Putman & He, 2013 Bader (1974 Bader ( , 1988 assigned to the origin of clone A suggests that although we sampled 25 sites across H. nigricaulis's geographic range in SE Australia, clone A originated from one of the many areas we did not sample.
| Pan-oceanic dispersal
Oceanic models predicted very low probabilities of particles reaching the Chilean coast. Particles released from SE Australia using the MCST model took at minimum 2 years 4 months to reach the Chilean coast ( Figure 2 ). Of the 10 million particles released 264 (0.00264%) reached the Chilean coast within 3 years (Figure 3) . Similarly, the HYCOM 1993-2013 hindcast model predicted 11 of the 591,300 (0.00186%) particles backtracked from central Chile would arrive in SE Australia within 3 years ( Figure 2 ). Of these 11 particles, seven were released in 1999 and backtracked to Australia in 1997, suggesting that particular oceanic conditions facilitate dispersal over this distance and these dispersal events are related to pulse rather than continuous events.
| Estimating the number of fragments arriving in Chile
Port Phillip Bay in SE Australia, where there is a high probability Chile clone B originated from, contains approximately 65 km 2 of H. nigricaulis (Blake & Ball, 2001) . Vegetative fragments in H. nigricaulis meadows in Port Phillip Bay can reach densities of 1.8 3 10 7 km 2 (Thomson et al., 2015) and therefore Port Phillip Bay may contain 1.17 3 10 9 fragments at any given time. Assuming such densities are annual, over a 100-year period it could be expected that 1.17 3 10 11 fragments are produced.
Super-trajectory and HYCOM models respectively predict 0.00264 and 0.00186% of particles will reach Chile from SE Australia, equating to 3.1 3 10 8 and 2.2 3 10 8 fragments reaching the continental shelf of Gonz alez & Edding, 1990; Phillips, Santelices, Bravo, & McRoy, 1983) indicate the clones are unlikely to be derived from self-fertilization and sexual reproduction within the populations. The lack of co-occurrence of the two clones at any one location suggests two separate colonization events. Oceanic currents are the primary means of LDD for marine species and given favorable conditions allow dispersal over large distances (Kinlan & Gaines, 2003) . ković et al., 2014; Harwell & Orth, 2002; Stafford-Bell, Chariton, & Robinson, 2015; Thomson et al., 2015) , which is not accounted for in the model and therefore far fewer fragments will actually reach Chile.
Furthermore, reaching the Chilean coast does not equate to colonization. Propagule survival once settled is low, and, fragments must settle in a suitable environment for establishment, further reducing the odds of LDD (Hall, Hanisak, & Virnstein, 2006; Thomson et al., 2015) . Further research to better understand fragment survival, viability and colonization will provide better estimations of seagrass LDD; however, it is clear that by producing vast amounts of propagules over long time periods H. nigricaulis has been able to increase the length of its distribution tail and succeeded in extreme LDD.
Over long time periods (100s to 1000s of years) extreme conditions or atypical events (e.g. severe storms) may markedly reduce dispersal duration, allowing dispersal across the Pacific (Gillespie et al., 2012; Nathan, 2006) . The shortest time the models predicted a seagrass fragment could cross the Pacific Ocean was 2.5 years, much longer than the length of time a fragment has been recorded floating (3 months, Thomson et al., 2015) ; therefore, our estimates of the fragment numbers capable of arriving in Chile are likely to be overestimated. Oceanic models use restricted time frames (e.g. 1993-2013 for the backtracking model); however, over much longer periods the number of extreme events that facilitate pan-oceanic dispersal will increase, providing greater opportunities for LDD to occur, reducing the time required to reach Chile or facilitating longer fragment drifting time (Nathan, 2006) . Bayesian assignment tests of the two Chilean clones indicated a relatively high probability that clone B originated from Port Phillip Bay in SE Australia. Dispersal across the southern Pacific Ocean is not unique and species distribution patterns between South America and Australasia are increasingly being linked to LDD (Sanmartin & Ronquist, 2004; Waters, 2008) . A growing number of marine species including kelps, gastropods, worms, oysters, crustaceans and tunicates appear to have recently arrived in Chile from Australasia via oceanic currents (Cumming, Nikula, Spencer, Waters, & Crame, 2014; Foighil, Marshall, Hilbish, & Pino, 1999; Fraser, Nikula, Spencer, & Waters, 2009; Fraser, Nikula, Waters, 2011; Trickey, Thiel, & Waters, 2016) . While LDD of H. nigricaulis vegetative fragments from SE Australia to Chile appears possible, an anthropogenic introduction provides an alternate dispersal mechanism. Trans-oceanic dispersal via shipping has led to the introduction of numerous marine and terrestrial species into new habitats far from their origin (Dawson, Gupta, & England, 2005; Suarez, Holway, & Case, 2001) . In Chile, shipping has been suggested as a possible pathway for the recent introduction of the tunicate P. praeputialis (Castilla, Collins, Meyer, Guinez, & Lindberg, 2002 LDD provides opportunities to colonize new habitats and exploit resources, and facilitates species evolution . The arrival of H. nigricaulis on the west coast of South America not only demonstrates the occurrence of dispersal at the extreme end of the dispersal tail but also the benefits of LDD to individuals and ecosystems. In the absence of competition from adults, propagules that disperse large distances may have better survival and growth (Caughlin, Ferguson, Lichstein, Bunyavejchewin, & Levey, 2014) . South American H. nigricaulis patches cover an area of 2.27 km 2 (Bahia Chascos), 1.20 km 2 (Puerto Aldea) and 0.04 km 2 (Isla Damas). The combined area of the single clone at Bahia Chascos and Puerto Aldea (clone A) represents one of the largest clones in the world, larger than most other extremely large clones such as the giant aspen Populus tremuloides (0.43 km 2 , Barnes, 1975) The arrival of H. nigricaulis has also had a profound impact on the ecosystem by creating new habitats that are utilized by a range of invertebrate and vertebrate species, altering species interactions and modifying the physical environment (Gonz alez & Edding, 1990; Leon & Stotz, 2004; Ortiz, Jesse, Stotz, & Wolff, 2003) . Such impacts are typical of new arrivals from distant habitats and have shaped ecosystem structure and function both in naturally and anthropogenically dispersed species and highlight the importance of LDD at a global scale (Castilla et al., 2004; Trakhtenbrot, Nathan, Perry, & Richardson, 2005) . This is particularly the case for habitat-engineering species. For example, the recent arrival in northern Chile of the tunicate P. praeputialis, also from Australia, has been associated with increases in biodiversity in the areas it has colonized and opened new opportunities for human exploitation (Castilla et al., 2004 (Castilla et al., , 2014 . However, these potentially positive effects are offset by shifts in distribution and displacement of native species (Castilla et al., 2014; Griffiths, Hockey, Van Erkom Schurink, & Le Roux, 1992) . The colonization of coastal bays by H. nigricaulis has had similar effects on ecosystem function and services with increases in the production of exploited species in these systems and the development of a range of ecosystem services such as sediment and nutrient stabilization, high levels of production and carbon storage that may not otherwise occur (Orth et al., 2006; Ortiz et al., 2003) . Understanding the provenance (either native or introduced) of habitat-forming species will provide valuable information for decisions on coastal management and conservation (York et al., 2017) .
LDD is difficult to quantify due to rarity and reliance on unorthodox vectors leading to its dismissal in the past as a genuine determinate of species distributions. The presence of only two H. nigricaulis clones in Chile, representing the largest marine clone in the world, demonstrates that species can disperse over vast distances despite the probability of arrival being extremely rare either via oceanic dispersal or via shipping.
These results provide empirical evidence supporting LDD as a mechanism for species to expand their ranges and adapt to new environments. 
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